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Huntington\'s disease (HD) is an autosomal dominant disorder caused by an expanded polyglutamine tract that results in progressive degeneration of neurons, primarily in the putamen, caudate nucleus and cerebral cortex. HD occurs when the gene that encodes huntingtin (Htt), located on the short arm of chromosome 4, shows an expanded CAG repeat region following exon 1 (The Huntington\'s Collaborative Research Group, 1993). Typically, greater than 38 CAG repeats correlates with onset of HD in mid-adulthood whereas a mutation greater than 60 CAG repeats results in an early-onset form of the disease known as juvenile Huntington\'s disease (JHD). Disease symptomology is clinically diagnosed by chorea, but early cognitive and emotional aberrations such as slowing of psychomotor speed, impairment of attention and memory, as well as executive and visuospatial functions that eventually degrade into dementia along with depression are becoming clearer in HD (Ross et al., 2014). JHD patients generally show less chorea than adult onset HD with rigidity and dystonia reported as the dominant clinical manifestations. Neuropathologically, HD is characterized by striatal atrophy, cortical thinning and degeneration in the prefrontal cortex with JHD also showing aberrations in the cerebellum (Aylward, 2007). Life expectancy is 15--20 years following clinical diagnosis in adult HD and 10 years in JHD (Gonzalez-Alegre and Afifi, 2006).

Pharmacotherapy for HD patients has been difficult despite increased recognition of the disorder, better access to genetic counseling and more availability to specialized care programs. Currently only palliative therapies that treat chorea (tetrabenzaine) and depression (SSRIs) are approved for HD patients. Furthermore, treatment for JHD has been incredibly challenging due to the complex symptomology and needs of pediatric patients. There are no studies to guide the current trial-and-error approach to treating JHD, with anti-parkinsonian agents, anti-psychotics and anti-epileptics being the mostly commonly prescribed drugs (Robertson et al., 2012).

It has been reported that HD patients have lower levels of brain derived neurotrophic factor (BDNF) due to inhibition at the transcriptional level by the mutant huntingtin protein (Zuccato et al., 2011). This reduction in BDNF in the striatum correlates with symptom onset and heightened severity of the disease in transgenic HD mice. Canonically, BDNF is known to mediate both the survival and function of striatal neurons. BDNF knockout mice recapitulate the striatal atrophy phenotype of HD patients and indicate that reduced neurotrophic support in the striatum is a major factor contributing to neurodegeneration in HD (Ciammola et al., 2007). Whereas, restoration of BDNF levels are shown to have pro-survival effects and ameliorate HD symptoms in transgenic HD rodent models. Therefore, BDNF is considered a prime candidate to treat the underlying neuronal dysfunction observed in HD (reviewed in Fink et al., 2015).

However, direct injections of BDNF have been ineffective due to the short half-life of the recombinant protein. Other exogenous delivery methods have been examined such as the use of adeno-associated viral (AAV) to express BDNF in striatal neurons. This has been shown to induce neurogenesis and promote longer life span in a HD mouse model. Interestingly, this effect was potentiated by noggin (Benraiss et al., 2012), which is a factor secreted by MSCs (Diefenderfer et al., 2003; Chen et al., 2012). Despite this success, the use of AAV in the clinic has proven difficult due to host immunogenicity to the virus and limited biodistribution (Kordower, 2016). In comparison, MSCs demonstrate paracrine effects such as local immune modulation and release of beneficial factors.

BDNF is initially synthesized by cortical neurons and then is transneuronally propagated into the striatum. When bound to TrkB, mature BDNF induces receptor dimerization and autophosphorylates tyrosine residues that initiates secondary cascades that regulate neurogenesis, synaptic plasticity (Huang and Reichardt, 2003). This is achieved by three major signaling pathways: the phosphatidyl inositol 3-kinase (PI3K)-serine-threonine kinase (AKT), mitogen-activated protein kinase (MAPK) extracellular related kinase (ERK) pathway, and the phospholipase Cy --Cam Kinase pathway.
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The use of stem cell therapies has become increasingly attractive as a putative therapy for neurodegenerative disorders. The ability to work synergistically with the endogenous microenvironment to upregulate intrinsic cell proliferation or neuroprotection via trophic factor secretion potentially enhances the overall regenerative potential in the transplanted tissue. Mesenchymal stem cells (MSCs) in particular have generated great interest in regenerative medicine and immunotherapy due to their unique biological properties. MSCs are multipotent stem cells derived from a broad subset of adult tissue that are readily accessible. MSCs are capable of secreting neurotrophic factors in response to local inflammatory elements, enhancing neurogenesis and synaptogenesis, and inhibiting apoptotic signaling. Due to their immune-modulating potential, MSCs do not require immunosuppression following allogenic transplantation and have demonstrated a strong safety profile in clinical trials (**[Figure 1](#F1){ref-type="fig"}**).

![A representative image of transplanted human bone marrow mesenchymal stem cell that have been engineered with a green fluorescent protein reporter gene following transplantation into the brain of a transgenic Huntington\'s disease mouse model.](NRR-11-702-g001){#F1}

A multitude of published articles have demonstrated improvement of either behavioral or neuropathological deficits in rodent models of HD following treatment with MSCs. These studies have used MSCs from multiple sources including autologous transplantation of unpurified whole bone marrow from rats, purified rat MSCs, mouse bone marrow-derived MSCs, mouse umbilical cord-derived MSCs, human adipose derived MSCs, and human bone marrow MSCs. Decreases in striatal atrophy, reduced medium spiny neuron loss, stimulation of endogenous neurogenesis and reduction of Htt aggregation has been observed following transplantation of MSCs (reviewed in Fink et al., 2015). Furthermore, MSCs have demonstrated improvements in motor and cognitive function, reduced anxiety-like behaviors and extension of lifespan in rodents.
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Trophic support is commonly postulated as the mechanism for the therapeutic potential of MSCs such as the secretion of neurotrophic factors that enhance endogenous neurogenic potential. Furthermore, the potential for MSCs as a delivery vehicle for gene therapy has been examined due to the relative ease of reprogramming these cells (Meyerrose et al., 2010). In particular, mouse-derived MSCs that were reprogrammed to overexpress BDNF in YAC128 HD transgenic mice resulted in motor improvement and increased neuron viability following transplantation (Dey et al., 2010). In addition to being readily programmable, MSCs migrate to areas of tissue damage unlike direct injection of AAV and demonstrate transient engraftment into host tissue as well as persistent sustained therapeutic effect even after cell clearance. In turn, this addresses safety concerns of direct use of viral vectors and associated prolonged immune response while still maintaining efficacy. Together, the use of MSCs to deliver BDNF as a treatment for HD has been suggested as a clinical therapy that our group is investigating in a series of Investigational New Drug (IND)-enabling preclinical studies. However, a controversial link between BDNF and epilepsy has been described in the literature, suggesting that sustained chronic overexpression may lead to deleterious effects. The evidence for the link between BDNF and epilepsy is due to the findings of increased levels of the trophic factor following limbic seizures, but conditional knockout or overexpression of BDNF does not severely alter kindling arguing against BDNF having a critical role in initiating seizure-like activity (Scharfman, 2005).
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Our group at the Institute for Regenerative Cures at the University of California, Davis has tested the safety and efficacy of genetically-engineered human bone marrow MSCs intransgenic HD mouse models and published the results of our IND-enabling studies in *Molecular Therapy* (Pollock et al., 2016). Human MSCs were isolated and cultured from commercially purchased whole bone marrow and transduced with a lentivirus designed to produce BDNF following Good Laboratory Practice-like conditions. These cells were prepared in a similar manner to cells proposed for a Phase I clinical trial. The YAC128 and R6/2 transgenic HD mouse models were used for behavioural and histological studies following transplantation to measure efficacy of MSC/BDNF as a putative therapy. Each mouse received intrastriatal transplantations of 5 × 10^5^ cells per hemisphere of untransduced MSC or MSC/BDNF with normosol-treated transgenic and wildtype littermate controls.

The ability of MSC/BDNF to reduce neuropathological deficits was measured by striatal volume 6 weeks post transplantation. It was observed that the YAC128 had approximately 11% striatal atrophy compared to WT. Interestingly, MSC alone reduced this striatal atrophy to approximately 8.4% and MSC/BDNF transplantations reduced it to approximately 6%. R6/2 treated with MSC/BDNF recapitulated the neurogenesis observed with non-modified MSCs, but also demonstrated an increase in mean survivability of 14.9% with MSC alone increasing lifespan 9.4% when compared to normosol treated transgenic mice. Finally, YAC128 mice treated with MSC/BDNF showed significantly less anxiety compared to normosol-treated YAC128 over a 6-week open field study. Taken all together, human MSC and MSC/BDNF are both therapeutically relevant strategies in ameliorating HD symptomology observed in these two stains of transgenic mice. These results, along with the abundance of peer-reviewed articles (Fink et al., 2015) provide compelling evidence for the use of genetically-engineered MSC as a candidate therapy for changing the trajectory of disease progression in patients diagnosed with early-stage HD (**[Figure 2](#F2){ref-type="fig"}**).

![Investigational new drug (IND) trial design.\
A representative schematic of advancing a basic research project to a Food and Drug Administration-approved clinical trial. The necessary steps and funding agencies for the use of mesenchymal stem cell / brain derived neurotrophic factor for Huntington\'s disease (HD) is described above.\
IRC: Institute for Regenerative Cures; MDs: Medical Doctors; POC: proof of concept; UCD: University of California, Davis.](NRR-11-702-g002){#F2}

Next Steps (*i.e*., dosing, long term safety, large animal study, and application for an IND) {#sec1-5}
=============================================================================================

A host of rodent studies demonstrate the therapeutic potential of MSCs for HD, but there are current limitations to how well these models recapitulate the disease in humans. R6/2 mice are widely used to model behavioural deficits and extend the lifespan of these animals; however therapies aimed at preventing neuronal loss would be unsuccessful due to the lack of neuropathology in this model. Conversely, studies aimed at the metabolic dysfunction or at the extending the lifespan of mice in the YAC128 or BACHD mouse models would be unsuccessful as these mice exhibit weight gain that is uncharacteristic of the human condition and have a normal lifespan compared to wild-type littermates. Currently, large genetic animal models for HD are being pursued to open new avenues in HD research (Jacobsen et al., 2010). More importantly, large animals may better represent major neuroanatomical structures relevant in the human HD brain that are missing in rodent models. This will allow for large animal safety studies to accurately access delivery of stem cells and to perform long-term toxicology studies.

It is likely that any clinical study where MSCs are transplanted into human patients will hinge on the demonstration that they are both safe and feasible in such a trial. Currently, long-term engraftments of MSCs have shown varying success. Immune-suppressed mice xenografted with human MSCs show a month long engraftment potential whereas allogeneic MSC engraftments in macaque monkeys have been more variable due to presentation of immunogenicity (Isakova et al., 2014). Macaques transplanted with allogeneic/opposite sex MSCs demonstrated weak immune response, with increased transplantation size resulting in reduced engraftment duration suggestive that matched or partially matched cells from allogeneic sources may result in longer MSC engraftment. While MSC clinical trial design should still undergo further refinement, countless clinical trials have not shown a need for Human Leukocyte Antigen (HLA) matching or immune suppression for stable MSC engraftment in humans (Fibbe et al., 2013). However, the transient nature of MSCs may be beneficial as a potential safeguard against prolonged immune response.
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MSCs have been well tolerated in phase I/II clinical trials without adverse events in a variety of diseases with no tissue matching. Currently, Atherys, SanBio and Brain-Storm Therapeutics have all concluded Phase II clinical trials with MSCs with no reported adverse effects in either acute or chronic neurodegenerative insults such as ischemic stroke or amyotrophic lateral sclerosis (ALS). Importantly, Brain-Storm Cell Therapeutics concluded a phase I/IIa clinical trial in patients with amyotrophic lateral sclerosis using autologous MSCs induced to express neurotrophic factor (NurOwn) with mild and transient adverse effects reported. Strikingly, treated ALS patients demonstrated slowed disease progression following the conclusion of the Phase IIa trial with improvements in breathing and reduced motor decline compared to pre-treatment (Petrou et al., 2016).

Currently, studies are underway to evaluate MSC/BDNF in a dose dependent manner and additional long-term safety studies in preparing of an IND application to the FDA. The proposed future clinical trial (HD-CELL) is designed to demonstrate safety of intrastriatal injection transplantation of genetically-modified MSCs to treat HD in patients screened in an ongoing observation study (PRE-CELL: Clinicaltrials.gov identifier NCT01937923) at the University of California, Davis. Given the growing support for MSCs in clinical trials of various neurodegenerative diseases, preclinical and *in vivo* biosafety data using human MSC/BDNF, and the current lack of treatments available for HD, it is believed that genetically engineered MSC are a strong lead candidate for the treatment of Huntington\'s disease.
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